Almost all studies on radiation effects in microorganisms have been concerned with pure cultures of selected species growing under laboratory conditions. Studies on overall biological processes and mixed populations in native environments have been neglected. Goring and Clark (1952) incorporated p32 into soil and observed that very high doses of radiation were required to affect the metabolic activities of soil microorganisms; less active populations were more easily disturbed than rapidly proliferating ones. Stotzky and Mortensen (1959) found no gross changes in soil pH, CO2 evolution, or nitrogen mineralization in an organic soil subjected to doses of y rays ranging from 8 to 250
kr, but did observe a decreased rate of utilization of ammonium at the higher radiation doses which was correlated with an increase in the bacterial population and a decrease in the fungal population. Stanovick, Giddens, and McCreery (1961) concluded that the symbiotic nitrogenfixing bacteria are more susceptible to neutrons and y rays than are other soil organisms. Decreases in bacterial and fungal populations, nitrification, and sulfate production in soils exposed to 7-radiation were observed by Popenoe and Eno (1962) . Bernard and Geller (1962) re- ported that doses of y rays exceeding 15 kr were injurious to the soil microflora and that doses of 100 kr were lethal to Azotobacter and the nitrifying bacteria in sandy soils. Other workers have irradiated microorganisms in their native habitat and have examined the survival of given segments of the microflora (Proctor and Goldblith, 1951;  Davis, Sheldon, and Auerbach, 1956; Witkamp, 1961) but have not pursued the effects of radiation on individual species of the soil bacteria.
From the literature cited, it appears that soil bacteria are very resistant to ionizing radiation. Some authors suggest that the soil protects the microflora therein, others state that resistance is a function of the rate of proliferation as determined by nutrient levels, whereas still others suggest that "natural" bacteria are more resistant to radiation than are "laboratory" bacteria. Vela and Wyss (1962) studied the kinetics of the destruction of microbes that carry on transformations of nitrogen in nature. The ability to fix nitrogen aerobically was destroyed by radiation doses that still permitted nitrification and ammonification. Nitrogen fixation was a discontinuous function of radiation dose; i.e., no nitrogen was fixed if all Azotobacter were killed, but any survival gave maximal fixation. On the other hand, nitrification was depressed as a continuous function of the radiation dose, indicating greater sensitivity of the more efficient nitrifiers. It appeared that such lessened efficiency was correlated with clumping, but unequivocal data on this point were not obtained. A third type of response was observed with the ammonification process in which the ability to release ammonia from urea was enhanced by doses up to 2000 kr. The radiation-resistant sporeformers proved to be efficient ammonifiers, and the destruction of the more sensitive, competing organisms yielded a soil that behaved as a more efficient biochemical entity for ammonification. These results support the findings of McLaren, Reshetko, and Huber (1957) . This investigation has been continued (i) to determine the effect of graded doses of y rays on aerobic nonsymbiotic nitrogen-fixing bacteria in the soil, (ii) to compare the resistance of laboratory and soil Azotobacter, and (iii) to determine something of the nature of the differences.
MATERIALS AND METHODS Soils. All soils studied were collected from areas that were not under cultivation. Each specimen consisted of 100 g of surface soil from each of 5 to 10 different sites in the area sampled. The soil was mixed, ground in a sterile mortar if necessary, and passed twice through a sterile 80-mesh sieve. For those experiments in which soil particles of known volume were required, that fraction of soil was used that passed through a 60-mesh sieve, but was retained by an 80-mesh sieve. Particles selected in this way measured about 250 , on a side.
Irradiation. A 600-c cobalt-60 source of -y-rays was employed in all experiments. The specimens, at ambient temperatures, were placed in a rotating chamber to insure uniform distribution of radiation dose and uniform exposure to air. Mixtures of water and soil or aqueous suspensions of bacteria were placed in rubber-stoppered tubes large enough to insure uniform oxygenation during the exposure. Dose-rate variations were accomplished by adjusting the source-to-sample distance, and total dose was determined by length of exposure. The dose rates varied from 0.8 to 1.225 kr/min, and the total doses reported here are given as r6ntgens in air. Radiation dosimetry was checked with halogenated hydrocarbon chemical dosimeters (Sigaloff, 1957 ) which had in turn been calibrated against National Bureau of Standard radiation sources. The radiation delivered to these dosimeters at the rate of 1 kr/min has been shown to have a maximal variation of +5%.
Microbiology. Unless otherwise stated, the medium of Augier (1956) was used to culture Azotobacter with the modification that 5 g of sucrose and 3 g of sodium benzoate were substituted for the mannitol (Darznick, 1959) . For measuring nitrogen fixation, triplicate 1-g portions of soil were exposed to radiation and transferred to 2-liter Erlenmeyer flasks containing 100 ml of sterile 1% aqueous mannitol solution. The flasks were incubated at 28 C on a reciprocal shaker. The aerobic nitrogen-fixing ability retained by the soils was measured by micro-Kjeldahl determinations. The amount of nitrogen fixed was corrected for evaporation of the culture liquid.
Estimates of populations by the "most probable number" method were obtained by placing 1.0 g of soil in a small test tube. The tubes, after treatment, were placed in bottles containing 100 ml of sterile medium without carbon compounds. The bottles were shaken violently to break the tubes and then placed on a laboratory shaker for 20 min to disperse the soil. A decimal dilution series was prepared and 1 ml from each dilution of the series was transferred to each of 10 tubes containing 4 ml of the complete medium. The tubes were incubated in a slanted position in the 33 C incubator and checked for typical Azotobacter growth after 5 and 10 days. The most probable number of Azotobacter in the specimen under study was obtained from McCrady's table (Prescott, Winslow, and McCrady, 1946) . The statistical significance of these numbers was derived by the method proposed by Eisenhart and Wilson (1943) based on the data of Halvorson and Ziegler (1933) .
Estimates of Azotobacter populations were also obtained by dilution plating or by distributing known weights of dispersed soil particles on the surfaces of multiple agar plates. In the latter procedure, the weight of soil inoculum and the number of plates employed for each measurement were such that each plate yielded no more than 10 colonies. The results obtained by these two plate methods were compatible and gave population estimates of the same magnitude as those obtained by the "most probable number" method. Counts of bacterial populations in soil-water mixtures or in wet soils were placed on a comparative basis by evaporating to dryness samples of the suspensions and weighing the residues so that bacterial counts could be expressed as organisms per gram of dry soil.
Pure cultures of Azotobacter isolated from the soil were induced to form cysts by the method of Socolofsky and Wyss (1962) . Cyst formation became evident on the 3rd or 4th day of incubation, source of the organisms used for the laboratory cultures. It is evident that a laboratory culture freshly isolated from a soil exposed to 300 kr (which killed only a small fraction of the Azotobacter therein) has a radiation resistance of a different order of magnitude than that it exhibited when in soil. Even when the laboratory cultures were induced to produce cysts, these resistant forms were much more radiationsensitive than were the soil populations. Whereas this figure shows results from three soils and isolates therefrom, the experiment has been repeated with several additional soils obtained from other sources. In each case the resistance of the mature soil populations and the laboratory cultures isolated from them showed the relationships indicated in Fig. 1 . Results from the "most probable number" method agreed with the plate method.
Laboratory populations are suspended as single cells prior to irradiation, whereas the soil populations may consist of colonies attached to soil particles; such colonies might not be dispersed by vigorous agitation in the dilution bottles and could yield death curves, as shown in Fig. 1 , even if the organisms comprising them were as sensitive as the laboratory-grown populations. To resolve this, the soil samples were sieved to separate fractions of particles of uniform size, and these were dusted on the surface of plates of Azotobacter medium. From the number of particles planted and the fraction of particles from 1282 which Azotobacter grew, the number of clones was determined. The results obtained with the 80-mesh fractions of two soils are tabulated in Table  3 . About 40,000 particles of this fraction of these soils weigh 1 g; thus, the initial Azotobacter count is in the same range as that determined on the total soils by the other counting procedures. The particles used in this study had a maximal volume equal to 105 packed Azotobacter cysts. Based on the cyst death curve in Fig. 1 , had the particles yielding colonies been entirely cysts with the resistance of the laboratory-grown organisms, survivors would not have been detected at radiation doses in excess of 200 kr.
Pure cultures of Azotobacter spp. isolated from the survivors from irradiated soils were grown on encystment medium for 8 days; the cysts were scraped from the plates, washed three times with water, and added to samples of the same soils from which the culture was isolated. The inoculation was done by adding 0.1 ml of a cyst suspension containing about 1,000 cysts for each gram of soil. Autoclaved soils were included for controls. The soils were stored in paper bags for 30 days at room temperature, at which time they were subjected to 100 kr of y rays to determine whether the slow drying of cysts in the soil enhanced their radiation resistance. The results in Table 4 show that the soil Azotobacter were little affected by 100 kr but the cysts added to either autoclaved or nonautoclaved soil were decreased by at least 99%. Drying did not make the laboratory-grown cysts resistant nor did the soil protect them from the ionizing radiations. Conversely, soaking soils for 1 day at room temperature or 10 days in a refrigerator (4 C) did not render the Azotobacter strains sensitive to y rays, but, if soils were kept moist at room temperature, the radiation resistance disappeared. A soil was moistened to 50% of the water-holding capacity with a 1% mannitol solution and was kept at room temperature for 16 days. At intervals, samples of the soil were removed, subjected to y radiation at 10, 20, 40, 80, and 100 kr, and assayed for surviving Azotobacter. The results were plotted, and the doses for 90% destruction, as read from the curves, are presented in Table  5 . Four days after the addition of aqueous mannitol, the radiation resistance declined to a value approaching that of laboratory vegetative cells, but by 16 days the resistance returned to that of the native soil populations.
A number of native soils from Texas have been irradiated at a level of 200 kr and assayed for Azotobacter by the planting of multiple broth tubes with 1 ml of a 1% suspension of the soil. As shown in Table 6 , all soils but one contained Azotobacter at the detectable level, with the indicated number in each soil being fewer than 3,400 per gram. The survival of this population after 200 kr of radiation indicated that radiation resistance in soil Azotobacter is usual in Texas soils. DISCUSSION One of the interesting problems of microbiological survival is the relevance to practical problems of data collected with laboratory-grown strains. Ionizing radiations and soil Azotobacter serve as a convenient model for such studies. Survival can be assayed quantitatively without interference from the extensive soil flora, and the soil and its population do not interfere with the lethal action.
The studies presented here support the view that "natural" organisms may differ greatly in resistance from laboratory-grown cultures. The difference observed with radiation resistance of Azotobacter was not restricted to one or a few soils; it is not due to artifacts in the counting, to protection offered by the soil colloids, or to the extent of drying. Because of the low numbers involved, it is not feasible to observe microscopically the soil Azotobacter. The possibility of a very small soil Azotobacter form cannot be dismissed. Suggestions of life cycles involving heat-resistant corpuscles have appeared in the literature, but documentation of such work has not been convincing. Our studies show clearly that they exist almost entirely in a state that is far more radiation-resistant than any laboratory forms thus far encountered. This resistance results when the organisms develop in the soil. Whether it will be possible to modify the cultural conditions of laboratory-grown cysts so that they attain the resistance of soil forms is now under study. 
